The genus *Amaranthus* L. (Caryophyllales: Amaranthaceae) has a worldwide distribution with approximately 70 herbaceous plant species that range from aggressive weeds (pigweeds) to cultivated ornamentals, vegetables, and nutritious pseudocereals. The grain amaranths (*A. hypochondriacus* L., *A. caudatus* L., and *A. cruentus* L.) are ancient crops native to the New World that were likely domesticated multiple times from putative progenitor species (*A. hybridus* L., *A. quitensis* Kunth, and *A. powellii* S. Watson; [@bib16]; [@bib18]). Amaranths represent a regionally important staple food crop that also played an important cultural role in pre-Columbian civilizations; indeed, the Spaniards recorded that the Aztec emperor Moctezuma II required an annual tribute of amaranth nearly equal to the annual tribute of maize ([@bib26]). After the Spanish conquest of the New World, the arriving Europeans actively discouraged the cultivation of the grain amaranth due to its deeply rooted use in indigenous religious ceremonies ([@bib6]). Recently, however, the grain amaranths have acquired renewed attention due to the nutritional quality of their seed, which is high in crude protein (reaching 22.5% dry matter basis), fiber (8%), and the essential amino acid lysine (0.73--0.84%) ([@bib2]).

The primary function of chloroplasts in plants is photosynthetic carbon fixation. Chloroplasts are thought to have originated from a free-living cyanobacteria-like ancestor through an ancient endosymbiotic relationship ([@bib24]). The chloroplast genome has evolved into a circular molecule with a quadripartite structure consisting of a small single copy (SSC), a large single copy (LSC), and two copies of inverted repeat (IR) regions. In addition to this conserved quadripartite genome structure, chloroplast genomes have highly conserved gene content and a nearly collinear gene order among most land plants ([@bib7]). Because of their compact size, lack of recombination, and maternal inheritance ([@bib1]), chloroplast genomes have served as important DNA sequences for plant identification and the reconstruction of plant phylogenies ([@bib22]; [@bib21]).

In this study, we report a high-quality chloroplast genome assembly of an agronomically important grain amaranth cultivar (*A. hypochondriacus* 'Plainsman'), which we use as a reference sequence to reconstruct the chloroplast genome of four additional *A. hypochondriacus* accessions, as well as one accession each of *A. caudatus*, *A. cruentus*, and *A. hybridus*. We report the genome size, structure, and gene content of the chloroplast genome for each of these accessions and mine their genomes for simple sequence repeats (SSRs), repetitive sequences, single-nucleotide polymorphisms (SNPs), and insertion/deletion polymorphisms (indels). This is the first report of a chloroplast genome published in the genus *Amaranthus* and will serve as an important reference resource for future phylogenetic studies in the Amaranthaceae family ([@bib27]; [@bib13]).

METHODS AND RESULTS
===================

Seeds representing all three grain amaranth species and their putative progenitor species (*A. hybridus*) were obtained from the publicly available U.S. Department of Agriculture National Plant Germplasm System (USDA-NPGS) *Amaranthus* germplasm collection (<http://www.ars-grin.gov/>; [Table 1](#tbl1){ref-type="table"}). All plant materials were grown in the Life Sciences greenhouses at Brigham Young University (Provo, Utah, USA) in 12-cm pots with one plant per pot using Sunshine Mix II (Sun Gro Horticulture, Agawam, Massachusetts, USA).

###### 

Information on the sequenced amaranth chloroplast genomes and genome features.

  Accession no.                                  Species                   Collection origin[^a^](#tblfn1){ref-type="table-fn"}   Genome size (bp)   Coverage depth (×)   \% of reads mapping   LSC length (bp)   SSC length (bp)   IR length (bp)   GC content (%)
  ---------------------------------------------- ------------------------- ------------------------------------------------------ ------------------ -------------------- --------------------- ----------------- ----------------- ---------------- ----------------
  PI 558499[^b^](#tblfn2){ref-type="table-fn"}   *A. hypochondriacus* L.   Nebraska, USA                                          150,518            146                  3.8                   83,873            17,941            24,352           36.61
  PI 477913                                      *A. cruentus* L.          Mexico                                                 150,555            302                  7.9                   83,908            17,945            24,351           36.60
  PI 481125[^c^](#tblfn3){ref-type="table-fn"}   *A. hypochondriacus*      India                                                  150,556            283                  7.4                   83,908            17,946            24,361           36.60
  PI 511731                                      *A. hypochondriacus*      Mexico                                                 150,555            166                  4.4                   83,906            17,947            24,351           36.60
  PI 540446                                      *A. hypochondriacus*      Pakistan                                               150,499            208                  5.5                   83,850            17,947            24,351           36.61
  PI 605351                                      *A. hybridus* L.          Greece                                                 150,552            239                  6.2                   83,903            17,947            24,351           36.60
  PI 619259                                      *A. hypochondriacus*      Nepal                                                  150,559            194                  5.1                   83,910            17,947            24,391           36.60
  PI 642741                                      *A. caudatus* L.          Bolivia                                                150,556            495                  12.9                  83,919            17,957            24,340           36.60

*Note*: IR = inverted repeat; LSC = large single copy; SSC = small single copy.

All origin information is derived from the Germplasm Resources Information Network (<http://www.ars-grin.gov/npgs/>). Several accessions were collected in the Old World, although all originated in the Americas according to [@bib26].

'Plainsman'.

Classified as *A. hypochondriacus* based on [@bib18].

To develop a high-quality reference chloroplast genome for *Amaranthus*, high-molecular-weight DNA from the cultivar *A. hypochondriacus* 'Plainsman' (PI 558499) was extracted from fresh leaf tissue by Amplicon Express (Pullman, Washington, USA). Whole-genome DNA sequencing was performed using PacBio RS II (Pacific Biosciences, Menlo Park, California, USA) long-read technology at the National Center for Genome Resources (Santa Fe, New Mexico, USA). A total of four libraries were constructed using the PacBio 20-kbp protocol ([@bib8]). These libraries were loaded onto 20 single-molecule real-time sequencing (SMRT) cells and sequenced using P6 polymerase and C4 chemistry with 4-h movie times. Sequencing yielded 2,359,408 filtered subreads (13,578,880,181 bp) with a mean read length of 5706 bp. These reads were assembled using FALCON version 0.4 (<https://github.com/PacificBiosciences/FALCON>), which produced 9494 contigs, of which five showed high BLASTN (*E*-value = 0) homology and spanned nearly the entire length of chloroplast genome from other plant species within the family Amaranthaceae, specifically *Spinacia oleracea* L. (NC_002202.1) and *Beta vulgaris* L. subsp. *vulgaris* (KR230391.1). These contigs were assembled manually relative to the chloroplast sequence of *S. oleracea*, with putative gaps filled with Ns. Using default parameters, the PacBio-filtered subreads were then mapped back to the draft amaranth chloroplast and locally realigned using the map reads to reference and local realignment tools found in the NGS Core Tools of the CLC Genomic Workbench (version 8.0.3; QIAGEN, Valencia, California, USA). A total of 20,042 (0.8%) reads were aligned to the draft genome, from which a consensus sequence for the complete amaranth chloroplast genome was extracted. This reference sequence was validated by resequencing 14 chloroplast gene sequences ([Table 2](#tbl2){ref-type="table"}) using amplicon sequencing and by mapping Illumina short reads (see below) from 'Plainsman' to the PacBio reference assembly. Both the short-read mapping consensus as well as the amplicon resequencing showed 100% identity to the PacBio-assembled reference genome. The complete *A. hypochondriacus* reference chloroplast genome has been deposited into GenBank (accession no. KX279888).

###### 

Genes contained in the sequenced amaranth chloroplast genomes.

  Category           Gene group                           Gene names
  ------------------ ------------------------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Photosynthesis     Subunits of ATP synthase             *atpA*, *atpB*, *atpE*, *atpF*[^a^](#tblfn4){ref-type="table-fn"}, *atpH*, *atpI*
                     Subunits of NADH-dehydrogenase       *ndhA*^a,b^, *ndhB*^a,b^ (×2), *ndhC*, *ndhE*, *ndhF*, *ndhG*, *ndhH*, *ndhI*, *ndhJ*, *ndhK*[^b^](#tblfn5){ref-type="table-fn"}
                     Subunits of cytochrome b/f complex   *petA*, *petG*, *petL*, *petN*[^b^](#tblfn5){ref-type="table-fn"}
                     Subunits of photosystem I            *psaA*, *psaB*, *psaC*, *psaI*, *psaJ*
                     Subunits of photosystem II           *psbA*, *psbB*, *psbC*[^b^](#tblfn5){ref-type="table-fn"}, *psbD*, *psbE*, *psbF*, *psbH*, *psbI*, *psbJ*, *psbK*, *psbM*, *psbN*, *psbT*, *psbZ*
                     Subunit of RuBisCO                   *rbcL*
  Self-replication   Large subunit of ribosome            *rpl2* (×2), *rpl4*, *rpl6*[^b^](#tblfn5){ref-type="table-fn"}, *rp20*, *rpl22*, *rpl32*, *rpl33*
                     DNA-dependent RNA polymerase         *rpoA*, *rpoB*, *rpoC1*^a,b^, *rpoC2*[^b^](#tblfn5){ref-type="table-fn"}
                     Small subunit of ribosome            *rps2*, *rps3*, *rps4*, *rps7* (×2), *rsp8*, *rps11*, *rps12*[^b^](#tblfn5){ref-type="table-fn"}, *rps14*, *rps15*, *rps16*[^a^](#tblfn4){ref-type="table-fn"}, *rsp18*
                     rRNA genes                           *rrn4.5S* (×2), *rrn5S* (×2), *rrn16S* (×2), *rrn23S* (×2)
                     tRNA genes                           *trnA-*TGC[^a^](#tblfn4){ref-type="table-fn"} (×2), *trnC-*GCA, *trnD-*GTC, *trnE-*TTC, *trnF-*GAA, *trnfM-*CAT, *trnG-*GCC, *trnH-*GTG, *trnI-*CAT (×2), *trnL-*CAA (×2), *trnL-*TAG, *trnM-*CAT, *trnN-*GTT (×2), *trnP-*TGG, *trnQ-*TTG, *trnR-*ACG (×2), *trnR-*TCT, *trnS-*GGA, *trnS-*TGA, *trnT-*GGT, *trnT-*TGT, *trnV-*GAC (×2), *trnW-*CCA, *trnY-*GTA
  Other genes        Subunit of acetyl-CoA-carboxylase    *accD*
                     c-type cytochrome synthesis gene     *ccsA*
                     Envelope membrane protein            *cemA*
                     Protease                             *clpP*^a,b^
                     Translational initiation factor      *infA*
                     Maturase                             *matK*
  Unknown function   Conserved open reading frames        *ycf4*

Genes containing one or more introns.

Genes used to validated the reference assembly using amplicon resequencing.

To study genetic diversity, total genomic DNA for eight *Amaranthus* accessions, including 'Plainsman' and four additional *A. hypochondriacus* accessions, and one accession each of *A. caudatus*, *A. cruentus*, and *A. hybridus* ([Table 1](#tbl1){ref-type="table"}), was extracted from 30 mg of freeze-dried leaf tissue according to the protocol reported by [@bib29]. Mate-pair libraries with insert sizes of 800 bp were sequenced on the Illumina HiSeq platform (Illumina, San Diego, California, USA) to generate 2 × 100 bp reads (Beijing Genomic Institute, Hong Kong, China). The generated reads were quality trimmed and six million paired reads were randomly subsampled from each accession and mapped to the 'Plainsman' reference chloroplast genome followed by local realignment using the NGS core toolbox in the CLC Genomics Workbench with default parameters. Consensus sequences for each accession are provided in Appendix S1. Across all accessions, the mean depth of coverage and percentage of total reads that mapped to the 'Plainsman' reference was 254× and 6.6%, respectively ([Table 1](#tbl1){ref-type="table"}).

The consensus chloroplast genomes for each accession were annotated using CpGAVAS ([@bib14]) using default settings with *S. oleracea* (Caryophyllales: Amaranthaceae) set as the reference species ([@bib27]). Any problematic annotations were corrected using the Apollo genome editor ([@bib10]). All eight chloroplast genomes were composed of a single circular double-stranded DNA molecule with the typical quadripartite structure ([Fig. 1](#fig1){ref-type="fig"}). Not unexpectedly, all of the chloroplast genomes are similar in length to the 'Plainsman' reference genome (150,518 bp, with a 60-bp range among all accessions; [Table 1](#tbl1){ref-type="table"}). This is similar to other chloroplast genomes in the Amaranthaceae family (*S. oleracea*: 150,725 and *B. vulgaris* subsp. *vulgaris*: 149,637; [@bib27]; [@bib13]). The 'Plainsman' reference chloroplast genome consisted of an 83,873-bp LSC (69-bp range among all accessions), a 17,941-bp SSC (16-bp range among all accessions), and a pair of 24,352-bp IRs (51-bp range among all accessions). The chloroplast genome had a GC content of 37.6% for all eight accessions ([Table 1](#tbl1){ref-type="table"}) and consisted of a total of 111 genes, including 72 protein-coding genes, 31 transfer RNA (tRNA) genes, and eight ribosomal RNA (rRNA) genes ([Table 2](#tbl2){ref-type="table"}, Appendix S2). Other published chloroplast genomes in the Amaranthaceae family have similar gene counts: *S. oleracea* is reported to have at least 108 genes and *B. vulgaris* subsp. *vulgaris* is reported to have 113 genes ([@bib27]; [@bib13]). There were 13 genes that were repeated in the IR region, one is involved in photosynthesis and the others have self-replication functions ([Table 2](#tbl2){ref-type="table"}). There were seven genes with introns, one of which has two introns ([Table 2](#tbl2){ref-type="table"}). In the reference genome, 111 genes constituted a total of 72,598 bp and were composed of 18,299 codons, excluding the stop codons (Appendix S2). Similar to other land plant chloroplast genomes, the most prevalent amino acid was leucine (10.6%) and the least common was cysteine (1.1%) ([@bib5], [@bib4]; [@bib23]), with a strong bias toward an A or T at the third codon position ([@bib3]).

![Chloroplast reference genome of *Amaranthus hypochondriacus*. Genes shown inside the outer circle are transcribed counterclockwise and those outside are transcribed clockwise. Genes belonging to different functional groups are color coded. Gray area in the inner circle indicates the GC content. Figure produced using OGDRAW ([@bib15]).](apps.1600063fig1){#fig1}

Microsatellites, or simple sequence repeats (SSRs), were identified using MISA ([@bib28]). The SSRs usually have a higher mutation rate, are easily genotyped using PCR, and are frequently used as markers for phylogenetic analysis and in marker-assisted breeding when located on nuclear chromosomes. We followed standard chloroplast thresholds for identifying SSRs ([@bib25]), specifically a minimum stretch of 12 for mono-, six for di-, four for tri-, and three for tetra-, penta-, and hexanucleotide repeats and a minimum distance of 100 bp between compound SSRs. We identified 37 SSRs in the reference genome, and 29 to 33 in the other sequenced *Amaranthus* chloroplast genomes ([Table 3](#tbl3){ref-type="table"}). The SSRs were most commonly found in the LSC region of the chloroplast genomes (60--63% of SSRs). The most abundant motifs were the runs of the mononucleotide A or T. Analysis of the consensus chloroplast genome sequences of the eight sequenced *Amaranthus* accessions identified repeat number polymorphisms for five, two, and one of the mono-, di-, and tetranucleotide SSRs, respectively. The complete list of the SSRs identified and their positions in the amaranth chloroplast genomes is provided in Appendix S3.

###### 

Simple sequence repeats (SSRs) in the eight amaranth chloroplast genomes.

  Species (Genome)                   Mono   Di   Tri   Tetra   Penta   Hexa   Compound   Total
  ---------------------------------- ------ ---- ----- ------- ------- ------ ---------- -------
  *A. hypochondriacus* (PI 558499)   15     2    5     11      0       2      2          37
  *A. cruentus* (PI 477913)          11     2    3     11      1       1      0          29
  *A. hypochondriacus* (PI 481125)   11     2    3     11      1       1      0          29
  *A. hypochondriacus* (PI 511731)   11     2    2     11      1       1      0          28
  *A. hypochondriacus* (PI 540446)   11     2    2     12      1       1      0          29
  *A. hybridus* (PI 605351)          11     2    3     11      1       1      0          29
  *A. hypochondriacus* (PI 619259)   11     2    5     11      1       1      1          32
  *A. caudatus* (PI 642741)          13     1    4     11      1       2      1          33

Repetitive sequences in chloroplast genomes are considered to play an important role in the rearrangement and stabilization of chloroplast genomes ([@bib20]; [@bib17]). Repeated elements in the *Amaranthus* chloroplast genomes were identified using REPuter ([@bib9]). A minimum repeat size of 30 bp and a sequence identity of ≥90% were used to identify forward and palindrome repeats (no reverse or complement repeats were present). Only a single IR region was included in the analysis to avoid inherent redundancy. The number and size of repeats were conserved between amaranth chloroplast genomes ([Table 4](#tbl4){ref-type="table"}). A total of 34 repeats were found in the *A. hypochondriacus* 'Plainsman' chloroplast genome, including 14 forward repeats and 20 palindromic repeats ranging from 30 to 64 bp in length (Appendix S4).

###### 

Number of repeated sequences by repeat type in the eight amaranth chloroplast genomes.

  Species                Genome      Forward   Palindrome   Total
  ---------------------- ----------- --------- ------------ -------
  *A. hypochondriacus*   PI 558499   14        20           34
  *A. cruentus*          PI 477913   16        21           37
  *A. hypochondriacus*   PI 481125   15        21           36
  *A. hypochondriacus*   PI 511731   15        21           36
  *A. hypochondriacus*   PI 540446   16        21           37
  *A. hybridus*          PI 605351   15        21           36
  *A. hypochondriacus*   PI 619259   15        21           36
  *A. caudatus*          PI 642741   15        21           36

SNPs and indels were identified from binary alignment map (BAM) files generated by aligning reads to the 'Plainsman' reference genome using BWA-MEM ([@bib11]) for each of the seven resequenced amaranth accessions. SNPs were identified using SAMtools mpileup ([@bib12]), and indels were identified using the Genome Analysis Tool Kit HaplotypeCaller (GATK-HC) ([@bib19]). Relative to the 'Plainsman' reference chloroplast genome, an average of 210 SNPs and 122 indels were identified across the accessions ([Table 5](#tbl5){ref-type="table"}; Appendix S5, S6). Indels ranged in size from 2 bp to 75 bp. T/G base substitutions accounted for the highest percentage of all SNPs (18.6%), while G/C base substitutions were the least frequent (2.9%) (Appendix S5).

###### 

Number of single-nucleotide polymorphisms (SNPs) and insertions/deletions (indel) in the seven amaranth chloroplast genomes in comparison to the reference chloroplast genome, *A. hypochondriacus* (PI 558499).

  Polymorphism   *A. cruentus* (PI 477913)   *A. hypochondriacus* (PI 481125)   *A. hypochondriacus* (PI 511731)   *A. hypochondriacus* (PI 540446)   *A. hybridus* (PI 605351)   *A. hypochondriacus* (PI 619259)   *A. caudatus* (PI 642741)
  -------------- --------------------------- ---------------------------------- ---------------------------------- ---------------------------------- --------------------------- ---------------------------------- ---------------------------
  SNP            201                         201                                234                                212                                200                         206                                217
  indel          106                         127                                138                                130                                123                         133                                99

CONCLUSIONS
===========

We report the assembly and annotation of the first reference-quality chloroplast genome for the genus *Amaranthus*. Using this reference genome, we reconstructed the chloroplast genome for representatives of the grain amaranths---*A. hypochondriacus*, *A. cruentus*, and *A. caudatus*---and their putative wild ancestor, *A. hybridus*. The amaranth chloroplast genome retains the quadripartite structure so highly conserved among land plants and is highly conserved at the nucleotide level among the grain amaranths. Nonetheless, several SNPs, indels, and polymorphic SSRs were identified that will serve as invaluable genetic markers for the future genetic improvements of these emerging crop species. The development of a reference chloroplast genome for *Amaranthus* will also be invaluable for broader comparative studies within Caryophyllales---an order of increasing importance as it contains many halophytic and drought-tolerant species. The availability of a reference chloroplast genome will also open the door to biotechnology applications within the genus such as chloroplast gene transformation. We note that the genus contains not only important grain species, but also several well-known weedy species (e.g., *A. retroflexus* L., *A. viridis* L., *A. tuberculatus* (Moq.) J. D. Sauer, and *A. spinosus* L.) that are collectively referred to as "pigweeds" and are among the most economically damaging weeds in the United States ([@bib30]). This reference chloroplast genome will provide an important framework for the accurate assembly of chloroplast genomes of these weedy species, which will be of particular value for monitoring spread and interspecies hybridizations.
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